Objectives The aim of this systematic review was to investigate the predictability of the sandwich osteotomy technique to provide sufficient alveolar bone height for dental implant therapy in vertically atrophic jaws. Material and methods A MEDLINE (Pubmed), EMBASE and Cochrane Library electronic search and a manual search were performed until July 2018. Any clinical study published in English, reporting data on at least 10 patients rehabilitated with implant-supported dental prostheses after vertical ridge augmentation by means of the sandwich osteotomy technique and followed for at least 12 months after loading, was included. Data on study and patients' characteristics, interventions provided, implant and prostheses survival rates and complications were extracted from the included studies. Each study design was evaluated using the Cochrane Collaboration's tool for assessing risk of bias. Results Initially, 415 records were identified, from which 10 full-text articles could be included in the final qualitative analysis. Implant survival rate after a mean follow-up of 3.7 years (median: 3 years; range: 1-7 years) was 94% (median: 93%; range: 91-100%). Peri-implant mean marginal bone resorption was 1.6 mm (median: 1.4 mm; range: 0.6-4.7 mm). The calculated mean alveolar bone height available at the time of implant placement was 11.3 mm (median: 11.5 mm; range: 7.8-16 mm). A temporary sensory disturbance of the inferior alveolar nerve was the most commonly reported complication following the sandwich osteotomy. Conclusions The present systematic review documents that implant survival rate after mandibular vertical ridge augmentation using the sandwich osteotomy technique is high after up to 5 years of loading. The complication rate can be considered moderate and has predominantly a transient nature. Data on the long-term behavior of the augmented bone and inserted implants are missing. Clinical relevance The present technique can be considered a reliable treatment option in cases of moderate vertical bone deficiency of the posterior mandible to provide suitable conditions for later implant placement. Intra-and post-operative complications do not seem to jeopardize the final outcome.
Introduction
Dental implants represent a reliable treatment option for restoring oral function in edentulous and partially edentulous patients [1, 2] . However, as a consequence of ongoing bone resorption after tooth loss, inadequate alveolar bone height may exclude placement of implants with ideal dimensions in the correct 3D position for the later prosthetic rehabilitation. Therefore, several techniques have been proposed to increase the vertical height of the atrophic alveolar process [3] [4] [5] [6] . Among these, guided bone regeneration (GBR) procedures using titanium-reinforced non-resorbable membranes have been documented to provide long-term results [7] . However, frequent exposure of the non-resorbable membrane [8] may compromise the grafting procedures [9, 10] . To overcome this adverse event, other vertical ridge augmentation procedures have been proposed, such as use of Ti-mesh [11] [12] [13] and use of distraction osteogenesis [14] . However, Ti-mesh is reported to be technique-sensitive with a high risk of soft tissue dehiscence, while distraction osteogenesis requires an ideally compliant patient and is limited by frequent challenges controlling the vector with palatal/lingual inclination of the distracted segment [15] .
Sandwich osteotomy with use of an interpositional bone graft was first described by Schettler and coworkers in the anterior mandible to improve the retention of a full denture [16] . With the development of implant dentistry, this technique has been applied, mainly to treat atrophic posterior mandibles allowing implant placement in particular clinical scenarios where an insufficient residual bone height above the inferior alveolar nerve and an unfavorable intermaxillary prosthetic space is present [17] . The procedure is characterized by mobilizing an osteotomized bone segment in a coronal direction, preserving the integrity and blood supply from the lingual mucosa. Eventually, the transport segment is stabilized with an interpositional bone graft and by miniplate osteosynthesis [18] . It is speculated that this technique may ensure increased vascular supply to the graft as well as transport segment, which is believed to reduce pronounced bone resorption observed with onlay block graft [19] . Several terms have been used to describe this technique, such as "segmental osteotomy" and "sandwich technique." A recently published systematic review indicated that the sandwich osteotomy could be effective to provide sufficient vertical bone height for long-term implant survival in the posterior mandible [20] . However, the level of evidence behind its use was reported to be low. In addition, no documentation from other sites than the posterior mandible was included in the search.
Hence, the aim of the present systematic review is to document the level of evidence on the efficacy of the sandwich osteotomy to provide increased vertical bone height of the alveolar process for later placement and long-term function of dental implants including mandibular as well as maxillary sites.
Materials and methods
The present systematic review followed the PRISMA-P 2015 statement for reporting systematic reviews (Preferred Reporting Items for Systematic Reviews and Meta-Analyses -Protocols) [21] .
PICO question
The following detailed and structured question was developed according to population, intervention, comparison and outcome (PICO): Details of the focus question are provided in Table 1 .
Search strategy
A comprehensive search of the literature was completed in July 2018 in collaboration with a librarian. Multiple electronic databases (MEDLINE (PubMed), Embase and the Cochrane Library) were screened by means of different combination of keywords and free text words ( Table 2 ). The search strategy was first developed for PubMed and later adapted for the other databases, according their specific characteristics as controlled vocabulary, wildcards, syntax rules, and any other search features.
Only papers published in English were taken into consideration. No restrictions regarding gender, age or publication date were applied. Details of the electronic database analysis search strategy are provided in Table 2 . In addition, a manual search of the reference lists of included full text articles and of the journals listed in Table 2 was conducted.
Inclusion criteria for study selection
Any clinical human study (randomized clinical trials, prospective cohort studies, retrospective studies, case series, cross-sectional studies) with at least 10 patients who received dental implants and prosthetic rehabilitation after vertical ridge augmentation by means of sandwich osteotomy with an interpositional graft, were included in the present study. Patients had to be followed for at least one year after implant loading.
Exclusion criteria for study selection
Any in vitro, preclinical and animal studies, single case reports, studies reporting on data based on questionnaires and interviews, letters to the editors, PhD thesis and conference proceedings, as well as all studies not meeting the inclusion criteria were excluded. Details of the reasons for exclusion are listed in Table 3 .
Study selection
Retrieved data were screened independently by two of the authors (AR, SM) using dedicated extraction table sheets prepared during the developing phase of the protocol. Any disagreement was solved through discussion consulting a senior experienced reviewer (SSJ).
Titles and abstracts identified through the search phase, which did not meet the inclusion criteria or did not provide significant information regarding the investigated technique, were excluded. At the end of this first screening phase Cohen's Kappa-coefficient was calculated to weight the level of agreement between the two reviewers. OR "dental implants"[All Fields])) AND Pubmed operators "OR" and "AND" allowed terms to be respectively combined exclusively (AND), and inclusively (OR).
Embase (('sandwich'/exp OR sandwich) AND ('osteotomy'/exp OR osteotomy) AND ('technique'/exp OR technique) OR (('sandwich'/exp OR sandwich) AND ('osteotomy'/exp OR osteotomy) AND techniques) OR (immediate AND ('osteogenesis'/exp OR osteogenesis) AND ('distraction'/exp OR distraction)) OR (interpositional AND ('bone'/exp OR bone) AND ('graft'/exp OR graft)) OR (interpositional AND ('osteotomy'/exp OR osteotomy)) OR (alveolar AND ('sandwich'/exp OR sandwich) AND ('osteotomy'/exp OR osteotomy)) OR (segment AND ('osteotomy'/exp OR osteotomy))) AND (('dental'/exp OR dental) AND ('implant'/exp OR implant) OR 'dental'/exp OR dental) AND ('implants'/exp OR
implants)
Search was performed in all the search fields of Embase records. The tag 'exp' (explode, including all the terms in the hierarchy) was used to search terms taken from EMTREE (Embase controlled vocabulary). Data extraction form full-text articles meeting the inclusion criteria was performed by two of the authors (AR, SM) whose level of agreement was calculated, again through Cohen's Kappa-coefficient. All retrieved data were then discussed among all authors to reach consensus. Figure 1 illustrates the search process in detail.
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Data extraction process
All data were extracted independently by two of the reviewers (AR, SM) using data extraction sheets. Any potential disagreement was discussed and solved consulting a third party (SSJ).
The following parameters, whenever available, were extracted: author(s), year of publication, study design, groups, operators, study setting, funding, follow-up after implant loading, number of patients, gender, mean age, smoking habits, graft location, inclusion and exclusion criteria, graft material, fragment's stabilization, use of membranes, bone height achieved after reconstructive procedure, bone gain at followup, healing time, additional procedures, implant characteristics (number, length, diameter, and brands), loading protocol, type of prosthetic reconstruction, dropouts, implant and prostheses survival rates, complications, graft and peri-implant bone resorption.
The primary outcome was implant survival rate. Secondary outcomes were survival rate of superstructures, bone height achieved, peri-implant marginal bone resorption and complications.
Quality assessment
Two of the authors (AR, SM) independently evaluated the methodological quality of all included studies using a dedicated quality assessment form (Cochrane Collaboration's tool for assessing risk of bias adapted from Higgins and Altman) ( Fig.  2 ) [22] . Moreover, any disagreement was solved through discussion with a third party (SSJ).
Results
The systematic screening and selection process is outlined in Fig. 1 . During the identification process, 415 records were retrieved. Of these, 281 studies were considered after duplicates removal. After screening of the titles, 155 abstracts were analyzed. Following the full text analysis of 61 articles, 10 studies fulfilled the inclusion criteria and were therefore included. Kappa values of 0.84 (abstract screening) and 0.89 (full-text article screening) indicated a high level of agreement between the two reviewers. Details of the extracted data are provided in Table 4 .
Study design and characteristics
Five of the 10 included studies were RCTs [23] [24] [25] [26] [27] , three prospective cohort studies [28] [29] [30] and two retrospective studies [31, 32] . Three studies reported data from one cohort only [28, 29, 32] , while the other 7 compared at least two groups [23-27, 30, 31] . The majority of the studies reported data on patients treated both at university hospitals and in private practices [25] [26] [27] 31] , while two studies were developed in a university setting only [23, 30] and one study reported on patients treated in private practice exclusively [24] . The number of surgeons involved was clearly defined in most of the studies [23] [24] [25] [26] [27] 31] . Abstracts excluded (n =94)
Full-text arƟcles assessed for eligibility (n = 61)
Full-text arƟcles excluded, with reasons (n = 51)
Full-text arƟcles included (n = 10) K score=0,84
Screening Eligibility Included K score=0,89 [ [23] [24] [25] [26] [27] [28] [29] [30] 32] , whereas one study included a group of patients followed for 7 years [31] .
Sample and patient characteristics
Combining data from the 10 included studies, 291 patients (age range 18-80 years) were treated by mean of the sandwich osteotomy technique and eventually received implants in the augmented sites (n = 377): eight studies (262 patients, 290 sites) reported data on atrophic posterior partially edentulous mandibles [23] [24] [25] [26] [27] [30] [31] [32] whereas two studies (29 patients, 87 sites) included patients with fully edentulous mandibles only [28, 29] . Data on atrophic maxillary sites were reported for only seven patients [32] . Detailed inclusion and exclusion criteria were provided in most of the studies [23] [24] [25] [26] [27] 31] . However, smoking habits were not considered one of them. Moreover, 7 out the 10 studies clearly reported on the periodontal status [23-27, 30, 31] . Finally, 12 out of the 291 patients (4%) were lost to follow-up and considered dropouts in 8 of the 10 included studies.
Augmentation procedure
All included articles clearly described the augmentation procedure. Interpositional grafting materials included: autogenous bone blocks, either harvested from the iliac crest [23, 28, 29, 31, 32] or from the mandibular ramus [30, 32] ; xenogenic blocks of deproteinized bovine bone mineral (DBBM) alone [23, 24, 26, 31] or in combination with a collagen matrix [27] , equine derived bone blocks [25, 31] and alloplastic hydroxyapatite [30] . Stabilization of the transport segments using osteosynthesis screws and/or mini plates was consistently reported in all the included studies. Six articles reported the use of a resorbable membrane to cover the grafted area [23] [24] [25] [26] [27] 31] . Healing time from the bone augmentation procedure to implant placement ranged from three to six months.
Implant and prosthetic characteristics
The 291 patients received a total of 759 implants after sandwich osteotomy. Implant characteristics differed widely among studies. Only five studies presented data on implant length, diameter and brand [24] [25] [26] [27] 32 ]. Felice and coworkers [23, 24, 31] reported implant mean length and diameter but did not specify the implant system used. All implants in the included studies underwent a delayed loading protocol with 3 to 6 months of healing after implant placement. Temporary restorations were utilized in six studies [23] [24] [25] [26] [27] 31] . The definitive restorations were screw-retained fixed dental protheses only [30, 31] , screw-retained or cemented prostheses [23, 24, 27] or cemented prostheses only [25, 26] in cases with partial edentulism. Fixed full-arches [29] and/or removable overdentures [28, 29] were used in case of complete edentulism.
Primary outcome: Implant survival rate
Implant survival rate, defined as the presence of an implant after sandwich osteotomy bone augmentation with a minimum functional loading of one year, was clearly stated in all the included studies ranging from 91% [29] to 100% [28] . Out of 759 implants placed, 717 implants (94%) were still present after a mean follow-up of 3.7 years (median 3 years, range 1-7 years). Twenty-seven implants (4%) were lost before Survival rate of the prosthetic reconstructions was reported in 6 studies [23] [24] [25] [26] [27] 31] . Out of 445 prostheses delivered, 437 were still present (98%) after a mean follow-up of 3.7 years (median 3 years, range 1-7 years).
Bone height achieved
Only five studies provided data on both initial residual alveolar bone height and bone height immediately after regeneration [23, [29] [30] [31] [32] . The mean height of the alveolar process before augmentation was 4.8 mm (median 4.5 mm; range 4-7 mm), while the mean available alveolar bone height at the time of implant placement was 11.3 mm (median: 11.5 mm; range 7.74-16 mm). Only one study [29] specifically documented the vertical bone gain at the final follow-up (mean: 5.5 mm; median: 4.7 mm; range: 3.9-8 mm).
Peri-implant marginal bone resorption
Peri-implant marginal bone resorption was reported in most of the studies (618 implants) [23] [24] [25] [26] [27] [28] [30] [31] [32] . The mean periimplant marginal bone resorption after a mean follow-up of 3.7 years was 1.6 mm (median 1.4 mm; range 0.59-4.7 mm). Studies with at least 3 years follow-up [24-27, 31, 32] reported a mean peri-implant bone resorption around 435 implants of 1.43 mm (median: 1.54 mm, range: 0.61-2.0 mm). Felice and coworkers [24] showed a peri-implant bone resorption of 2.36 mm at 5 years after implant loading. In patients with up to 7 years follow-up treated by Felice and coworkers [31] , a periimplant bone resorption of 1.34 mm in the autogenous bone block (ABG) group and of 1.37 mm in DBBM block group was detected.
Complications
Intra-and postoperative complications were not reported consistently. Intraoperative complications were reported by Felice and coworkers [24] , who detected fractures of the grafted blocks in 3 patients (10%) and Pelo and coworkers [29] with 3 fractures of the transport segments (15%). Moreover, Gastaldi and coworkers [27] reported one case of severe hemorrhage. Postoperative complications included: 3 patients with graft infection (8%) [25] , partial or total graft failure in 10 patients (8%) [23, 31] and exposure of the grafted material to the oral cavity in 3 patients (14%) [32] . Pelo and coworkers [29] reported 3 cases (16%) of minor sequestrations. Moreover, Felice and coworkers reported that 2 augmentation procedures (7%) were considered failed [24] . In addition, soft tissue dehiscence was detected in 13 patients (6%) during the healing phase in five studies [23, [26] [27] [28] 31] . The most frequent postoperative complication was a temporary sensory disturbance of the inferior alveolar nerve, which affected 117 patients (41%) reported in eight studies with a different grade of intensity, localization and duration (Stellingsma and coworkers [28] n = 0, Pelo and coworkers [29] 
Additional procedures
Six of the 10 studies clearly reported on additional necessary surgical procedures after sandwich osteotomy: a vestibular osteoplasty was performed in 18 out of the 19 (95%) previously augmented patients [29] , while Felice and coworkers had to perform a lingual osteoplasty in one patient (1%) [31] . Two patients (3%), from two studies [24, 26] developed peri-implantitis lesions, which were treated with a GBR procedure. Moreover, Gastaldi and coworkers reported the use of second regenerative procedure (GBR) following graft and implant failure in one patient (2.5%) [27] . Finally, Felice and coworkers treated one patient (5%) with an autogenous onlay block graft due to graft failure [25] .
Discussion
The aim of the present systematic review was to assess the level of evidence of the sandwich osteotomy technique used for vertical ridge augmentation prior to implant surgery. A total of 10 studies, most of them, with low or medium risk of bias, fulfilled the inclusion criteria and could be included. The investigated treatment modality resulted in high implant survival rate (94%) in both edentulous and partially edentulous patients. These results are comparable with those reported in a recent systematic review where an implant survival rate of 97.3% following interpositional bone graft reconstructive procedures was calculated [7] . Although implant success rate today is considered more important than implant survival rate for long-term evaluation of implant-supported rehabilitations [33] , only one of the included studies [30] clearly reported on implant success rate (90.9%). Nonetheless, the low number of reported prosthetic and biological complications, which are in accordance with the current literature [34] , may indicate a high implant success rate.
The level of evidence behind the long-term survival of dental implants in general (> 10-year follow-up) is increasing [35, 36] . However, no long-term follow-up could be identified of implant therapy in sites augmented with the sandwich osteotomy. Hence, only one study reported data up to 4 years [29] , one study up to 5 [24] , and one up to 7 years [31] . All the remaining studies had a follow-up between one and three years [23, 25-28, 30, 32] . The findings from the present review could therefore not confirm the statement in a recent systematic review that "the success rate of the technique and the survival of the dental implants are very high, with longterm postsurgical follow-up" [20] . The collected data should therefore be considered with caution due to limited follow-up.
Limited peri-implant marginal bone resorption 1.6 mm (median 1.4 mm; range 0.59-4.7 mm) was reported in all the studies except in Pelo and coworkers who reported a bone resorption of 41% at 4-year follow-up [29] . These results indicate stability of the marginal bone over time at least in the mid-term follow-up within 5 years in accordance with the recent literature [7] .
Several grafting materials were used to stabilize the vertically moved transport segment (autogenous, bovine, equine, hydroxyapatite) with only three studies [23, 30, 31] making comparison among them. There are currently no data to support superiority of one augmentation material over another. The use of different implant designs, lengths and surfaces as well as the inconsistent use of barrier membranes may add to the methodological confounding factors and makes comparison between studies difficult. However, across all included studies, graft stabilization by means of fixation screws or mini plates, is claimed to be crucial to achieve a predictable outcome [37] .
One of the major concerns of the present technique is the high number of postoperative complications. Especially, sensory disturbances were reported in up to 41% of patients, although only temporary. These results are in accordance with previously published data and are similar to those observed with distraction osteogenesis procedures [7] . In contrast to distraction osteogenesis, no cases of displacement of the transport segment is reported with the sandwich osteotomy. Patients treated with GBR procedures using non-resorbable membranes are less prone to develop sensory disturbances [7] . However, more dehiscences occurred with GBR than with the sandwich osteotomy technique [9] . The need for second surgery procedures before implant placement is a disadvantage that the sandwich osteotomy shares with the other alternative staged vertical ridge augmentation procedures.
To reduce the number of surgeries, complications, and patient morbidity, the use of short implants has been proposed with promising short-term results [24] [25] [26] [27] . However, since no long-term data exist and since mid-term data for short implants may indicate reduced survival rates [38] [39] [40] , it seems reasonable to keep refining and documenting vertical augmentation procedures that allow placement of standard-length implants (≥ 10 mm).
The present review failed to identify evidence on the efficacy of the sandwich osteotomy technique to treat vertical bone defects in the maxilla. Only a few authors report on this procedure in the upper jaw, and all of the studies report small sample sizes and/or limited follow-ups [41] [42] [43] . Among the 291 patients in the 10 studies included, only one study [32] reported data on 7 patients treated by means of the investigated technique in the maxilla not allowing any conclusion to be drawn on this indication. In addition, all partially edentulous mandibular cases documented were free-end situations. Therefore, no conclusions can be drawn on the efficacy of the sandwich osteotomy to augment vertically deficient alveolar ridges between remaining teeth.
The present systematic review presents several limitations: firstly, even-though a strict and comprehensive search of the literature was performed, it must be mentioned that literature screening could have been performed with no language restrictions. However, the authors consider the risk of missing relevant data low. In addition, gray literature was not sought. Furthermore, it must be underlined that six out of the ten studies included in this review originated from the same group of investigators [23] [24] [25] [26] [27] 31] , which may raise some concerns regarding the reproducibility of the obtained data. Finally, due to the high heterogeneity between study designs and treatments provided, no meta-analysis could be performed.
Hence, within the limits of the present review, the sandwich osteotomy technique represents a reliable evidence-based treatment option to treat mandibular vertical alveolar bone defects prior to implant placement supported by mid-term data (up to 5year follow-up). However, additional randomized controlled clinical trials with long-term observation are needed to test the efficacy of the investigated technique to identify the grafting material of choice, to assess the vertical stability of the augmented alveolar ridge, and to document the long-term (> 10 year) success rate of the dental implants. In addition, the suitability of the sandwich osteotomy technique to treat vertical atrophic maxillae and interdental vertical bone defects needs to be reported.
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